Genetic studies in human populations and rodent models have identified regions of human chromosome 1q21-25 and rat chromosome 2 showing evidence of significant and replicated linkage to diabetes related phenotypes. To investigate the relationship between the human and rat diabetes loci, we fine mapped the rat locus Nidd/gk2 linked to hyperinsulinaemia in an F2 cross derived from the diabetic (type 2) Goto Kakizaki (GK) rat and the Brown Norway (BN) control rat, and carried out its genetic and pathophysiological characterization in BN.GK congenic strains. Evidence of glucose intolerance and enhanced insulin secretion in a congenic strain allowed us to localize the underlying diabetes gene(s) in a rat chromosomal interval of approximately 3-6cM conserved with an 11Mb region of human 1q21-23. Positional diabetes candidate genes were tested for transcriptional changes between congenics and controls and sequence variations in a panel of inbred rat strains. Congenic strains of the GK rats represent powerful novel models for accurately defining the pathophysiological impact of diabetes gene(s) at the locus Nidd/gk2 and improving functional annotations of diabetes candidates in human 1q21-23.
Introduction
The inbred Goto-Kakizaki (GK) rat strain is a well characterized non-obese model of spontaneous type 2 diabetes mellitus (T2DM), which is widely used for investigating important aspects of the pathogenesis of diabetes (1, 28) and mapping quantitative trait loci (QTL) involved in altered regulation of glucose and insulin levels. Replicated linkage between diabetes phenotypes and rat chromosome (RNO) 2 is suggested by results from QTL mapping studies in crosses derived from GK and the non diabetic Brown Norway (BN) (13) or F344 rats (10) (loci Nidd/gk2 and Niddm2, respectively), and more recently in a cross involving the Spontaneously Diabetic Torii (SDT) rat, a new inbred model of non obese type 2 diabetes (25) .
Comparative genome analyses have highlighted the possible conservation of synteny homology between the Nidd/gk2 region and human chromosome 1q21-24 (3), which shows evidence of replicated linkage to T2DM in at least 8 populations, including European Americans (7), French whites (34), the UK Warren 2 repository (37), Pima Indians (17) and Chinese (38) . This region is therefore the focus of intense interest in T2DM genetics.
Progress in the completion of the rat genome sequence (30) provides a unique opportunity to refine homology relationships between RNO2 and human 1q and take advantage of genome annotations for T2DM candidate gene identification. The integration of comparative genomics and studies in rat congenic strains, which are designed to fine map QTL and test the phenotypic impact of gene variants in well characterized regions of a QTL (5, 31), allows full utilisation of rodent genetic and pathophysiological data in human genetics. The power of this strategy has recently been exemplified with the translation of GK diabetes QTL in T2DM functional and genetic association studies (8, 15, 20, 21, 23 ).
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Following fine genetic mapping of the QTL Nidd/gk2 in the GKxBN F2 cross, we carried out its genetic and pathophysiological characterization in a series of congenic strains designed to contain different GK haplotypes at the locus introgressed onto the genetic background of the BN strain. We were able to localize gene(s) affecting glucose tolerance and insulin secretion in a 3 to 6cM region of RNO2. Comparative genome analysis provided evidence of strong conservation of homology between this region and an 11Mb segment of human chromosome 1q21-23, which allowed the selection of strong diabetes candidate genes for transcription studies and sequence variant screening in rats.
Materials and Methods

Animals
A GK colony was initiated in Oxford from rats of the Paris colony used to derive the original GKxBN cross (13) . BN rats were obtained from Charles River Laboratories (Margate, Kent, UK) was also maintained. All rats had free access to water and standard laboratory chow pellets (ERB, Whitam, UK) and maintained on a 12-h light/dark cycle. Progeny were weaned at 21 days. Experiments were conducted with Home Office approval and according to the rules of animal use in scientific experiments in the UK.
Microsatellite marker assisted production of congenic rats for the locus Nidd/gk2
Construction of the congenics was specifically designed to introgress GK alleles from RNO2 regions covering the QTL Nidd/gk2 and Niddm2 onto the genetic background of the BN strain (BN.GK congenics), using a genetic marker assisted breeding strategy (24) , as previously described (35) . Although the production of reciprocal congenics (GK.BN) was also initiated, it proved to be problematic due to a high perinatal mortality rate in (GKxBN)xGK backcross progenies, which remained however similar to that observed in GK rats.
At each backcross and inbreeding generation, progeny genotypes were determined across the 20 rat autosomes using markers polymorphic between GK and BN strains (3, http://www.well.ox.ac.uk/rat_mapping_resources). A panel of markers was optimized in each successive generation in order to 1) precisely define the introgressed region, 2) monitor the elimination of GK alleles from the genetic background, in particular in regions containing other QTLs previously identified in the GKxBN (13) and GKxF344 (10) crosses and 3) ensure the retention of GK 6 homozygous haplotype at Nidd/gk2 in the final congenics. All information regarding breedings and subsequent genetic and physiological analyses of the congenics was stored in our MACS database specifically designed for congenic projects (4).
Genotype determination
Genomic DNA was prepared from ear clips and PCR were performed with 50ng of DNA as previously described (3) . Primer sequences, PCR conditions and mapping information for all markers used are available at http://www.well.ox.ac.uk/rat_mapping_resources.
Phenotype Analysis
Physiological screening was carried out with animals of at least three different litters in order to minimise possible litter effects on phenotype variability. All phenotypes related to glucose homeostasis and lipid profile were determined in male and female congenic and BN rats at 3 months. One week later, rats were killed and liver samples were harvested in overnight fasted rats, immediately frozen in liquid nitrogen and kept at -80°C for gene expression studies.
Glucose tolerance and glucose induced insulin secretion tests
Intravenous glucose tolerance tests (IVGTT) were performed using the protocol previously applied in GKxBN genetic study (13) . Rats were anesthetized using ketamine hydrochloride (Ketalar, Parke-Davies, UK) (95 mg/kg body weight). A solution of 14% glucose (0.8 g/kg body weight) was injected via the saphenous vein.
Blood samples were collected before the injection and 5, 10, 15, 20, and 30 minutes afterwards. Samples were spun at 8,000 rpm and plasma was separated. Plasma glucose concentration was measured on a Cobas Mira Plus automatic analyzer (ABX, 7 Shefford, UK). Plasma immunoreactive insulin (IRI) was determined with an ELISA kit (Mercodia, Uppsala, Sweden).
Cumulative glycemia and insulinemia were determined by the total increment of plasma glucose and plasma insulin levels during the IVGTT. The cumulative glycemia reflects the overall glucose tolerance during the test and the cumulative insulinemia is an indicator of insulin secretory capacity.
Plasma lipids
Following a 16-18h fast, blood samples were collected via the tail vein and plasma concentrations of total cholesterol (TC), HDL-C, LDL-C, triglycerides, and phospholipids were determined on a Cobas Mira Plus analyzer using diagnostic enzymatic/colorimetric kits (ABX, Shefford, UK). Values for VLDL-C were obtained by subtracting the sum of HDL-C and LDL-C from TC.
RNA isolation, cDNA synthesis and quantitative real time PCR
Liver total RNA was isolated following two successive Trizol (Invitrogen Gibco Corporation, Paisley, UK) extractions followed by chloroform phase separation and ethanol precipitation. For the first-strand cDNA synthesis, total RNA (100µg) was further purified using the Qiagen RNeasy kit (Qiagen Ltd, Crawley, UK) and analyzed on an Agilent 2100 Bioanalyzer (Bracknell, Berks, UK Sequence analysis of the genes encoding rat endosulfine alpha (Ensa) and hydroxyacid oxidase 3 (Hao3)
Sequence analysis was carried out with genomic DNA of BN and GK rat colonies maintained in our laboratory and rats of three inbred colonies of the Wistar Kyoto (WKY) strain (Izumo-Izm, Heidelberg-Heid and Leicester-Leic). These strains were chosen because both WKY and GK derive from outbred Wistars, and they may share extensive sequence similarities outside GK specific diabetes susceptibility alleles.
Reference sequences for the rat Ensa (NM_021842) and Hao3 (NM_032082) genes were used to obtain the corresponding genomic sequences (AC121649 and AC123109, respectively). PCR primers were designed to cover all coding regions, about 3 kb of the promoter region and 1 kb of the 3'-end of the two genes (See supplementary material, Table 6 ). PCR products were sequenced using the BigDye Version 3.1 dye terminator kit (ABI, Foster City, CA). The sequencing products were purified on Sephadex G50 Superfine gel (Amersham, Little Chalfont, Bucks, UK) and 9 analyzed on ABI 3700 DNA sequencers (ABI, Foster City, CA). Sequence Navigator V1.0 (ABI, Foster City, CA) was used for sequence comparisons.
Statistical Analyses
All phenotypes were regressed for both sex and cross effects as previously described (13) is not due to the dependent variable. A Bonferroni post hoc test was used to determine strain differences. All results described are analyses of males and females together unless otherwise stated. Threshold for significant p values was set at P<0.01.
Comparative genome analysis
Existing comparative gene maps (http://www.well.ox.ac.uk/rat_mapping_resources; 36) and rat genome annotations (http://ensembl.ebi.ac.uk) were used to anchor QTL and congenic intervals in the rat genome and subsequently refine homology relationships between the rat and human genomes in the region of Nidd/gk2.
Results
Fine mapping of the QTL Nidd/gk2 in the (GKxBN) F2 cross
Among the 127 RNO2 microsatellite markers that we have now genotyped in the original GKxBN F2 cross (13) Rats of the F2 cohort carrying the GK homozygous genotype at marker locus D2Rat41 exhibited significant fasting hyperinsulinemia and a higher ratio FI/FG when compared to BN homozygous and heterozygous rats (Table 1) . GK alleles at marker locus D2Mgh12 were associated with a significant reduction in stimulated insulin secretion in the cross.
Production of congenic strains
Knowledge of BN vs. GK allele variations for over 2,000 rat markers (http://www.well.ox.ac.uk/rat_mapping_resources) and their precise chromosomal location in the GKxBN F2 cross (3) allowed us to select optimal panels of markers for a thorough and accurate genetic screening of congenics. In successive (GKxBN)xBN backcross progeny, the autosomes were screened with up to 238 markers (Table 2) , half of them chosen to monitor the elimination of GK alleles at GK QTL other than Nidd/gk2. Ultimately, the genome of congenics was scanned with an average spacing of <7cM between loci. Inbreeding was carried out after 7-10 successive backcross breedings after the elimination of GK alleles throughout the genetic background.
The genetic characteristics of the congenic strains analyzed in this study are described 
Phenotype analyses
Glucose tolerance
Results from IVGTT showed that glucose tolerance was similar in BN.GK2a, BN.GK2c and BN rats, as reflected by identical glycemic profile and cumulative glycemia during the test ( Figure 3A ). In contrast, rats of both BN.GK2e and BN.GK2k strains exhibited a marked deterioration of glucose tolerance during the IVGTT, with significantly more elevated glycemia 5 minutes after glucose injection in both strains when compared to BN controls and BN.GK2a rats (F=4.7, P=0.001).
This resulted in a 10% increase in values of cumulative glycemia during the test in BN.GK2e and BN.GK2k congenics when compared to BN.GK2a rats and BN controls.
In vivo insulin secretion
Glucose induced insulin secretion was similar in BN.GK2a, BN.GK2c and BN rats ( Figure 3B ). Insulin secretion was reduced in BN.GK2e rats when compared to BN rats, but differences were not statistically significant. In contrast, rats of the BN.GK2k congenic strain showed a significant enhancement of insulin secretion in response to glucose when compared to BN rats and BN.GK2a, 2c and 2e congenics. As a result, cumulative plasma insulin during the test was higher in BN.GK2k rats than in BN (p<0.002), BN.GK2a (p<0.005), BN.GK2c (p<0.05) and BN.GK2e (p<0.003) rats ( Figure 3B ).
Body weight and plasma lipids
There were no differences in body weight between male congenics and BN rats (Table 3) . Body weight was only increased in BN.GK2c and BN.GK2e female rats when compared to BN controls. No major changes in plasma lipid profile were detected in congenic rats when compared to BN controls. Only total cholesterol was significantly lower in BN.GK2c congenic rats than in BN rats. Plasma LDL and VLDL cholesterol concentrations were also lower in BN.GK2c congenic rats than in BN rats, but this effect was significant for LDL in males and for VLDL in females.
Comparative genome analysis
Detailed in silico comparative genome mapping was specifically carried out for the GK chromosomal interval introgressed in BN.GK2k congenics (Figure 2 (Figure 2 ). Full results from comparative genome analysis are available on our public database (http://www.well.ox.ac.uk/rat_mapping_resources).
Transcriptional analysis of candidate genes mapped to the region of BN.GK2k
Based partially on comparative mapping data from the human genome sequence, we Liver RNA levels of Ensa, Atp1a1, Fatp3, Hmgcs2, Hcn3, Pik4cb, Pmvk and Crabp2
were not significantly different in BN, GK and BN.GK2k rats (Fig. 4) . The amount of these transcripts was generally higher in the BN.GK2k strain than in the GK rat (up to 129.1 ± 15.1 % of BN expression in BN.GK2k vs. 87.1 ± 9.02 % of BN expression in GK for Hcn3). In contrast, when compared to the BN control, RNA levels of Hao3
were significantly reduced in both GK (67.5 ± 2.5 %; P=0.016) and BN.GK2k congenics (32.9 ± 18.0 %; P=0.014).
Sequence analysis of the rat genes encoding Ensa and Hao3
Following resequencing of the genes Ensa and Hao3 in 5 inbred rat strains (BN, GK, 
Legend to figure 1
Refined QTL map of the locus Nidd/gk2 in the (GKxBN) F2 cross. QTL maps for fasting insulin (FI) and the ratio of fasting insulin/fasting glucose (FI/FG) have the same profile. Permutation tests (n=10,000) were used to determine statistical significance threshold of linkages (P=0.001) to FI (LOD=3.05) and insulin secretion (LOD=2.97).
Niddm2 indicates the approximate position of the QTL identified in the GKxF344 cross (10) around markers D2Mit15 and D2Mit14, which maps 2.5cM away from D2Wox24 (3). The approximate location of the 1-LOD interval around the locus Gisdt2 (25) identified in the (BNxSDT)xSDT cross is reported. A comprehensive genetic map of RNO2 in the GKxBN cross (36) is available on our public database (http://www.well.ox.ac.uk/rat_mapping_resources).
Legend to figure 2
Simplified comparative genome maps of RNO2 and detail of the GK haplotype in 
Legend to figure 3
Glucose tolerance (A) and glucose induced insulin secretion (B) in 12 week old rats of the RNO2 congenic strains BN.GK2a (n=57), 2c (n=21), 2e (n=15) and 2k (n=25), and BN rats (n=36). Results are shown as mean ± SE. *P<0.01, statistically significant differences in glycemia between BN.GK2e/2k rats and BN and BN.GK2a rats. †P<0.05, statistically significant differences in insulinemia between BN.GK2k rats and BN, BN.GK2a, 2c and 2e rats.
Legend to figure 4
Transcriptional analysis of selected candidate genes mapped to the GK congenic region of the GK.BN2k strain. Pooled BN rat liver first-strand cDNA was used in standard curve determination for both candidate genes and the internal housekeeping gene. The final results are expressed as mean ± SEM, in percentage of normalized BN values.
Statistical analysis was performed using unpaired Student's t-test. *P<0.05, statistically significant differences vs. BN controls. Results from the screening of chromosomes containing known GK QTL are shown in parentheses. § Backcross generation at which GK alleles were eliminated from the genetic background and inbreeding was initiated. 
